Methicillin-resistant Staphylococcus aureus is becoming increasingly prevalent as both a nosocomial and a community-acquired pathogen. Daptomycin, a lipopeptide antibiotic now in phase III clinical trials, is rapidly bactericidal in vitro against a range of gram-positive organisms, including methicillin-resistant S. aureus (MRSA). In this study, we compared the efficacy of daptomycin with that of vancomycin, each with or without rifampin, in a model of experimental aortic valve endocarditis due to MRSA. The infecting strain (MRSA strain 32) was susceptible to daptomycin (MIC ‫؍‬ 1 g/ml), vancomycin (MIC ‫؍‬ 0.5 g/ml), and rifampin (MIC ‫؍‬ 0.5 g/ml). Daptomycin was administered at 25 or 40 mg/kg q24h (q24h) by subcutaneous injection in an attempt to simulate human doses of 4 and 6 mg/kg q24h, respectively. Vancomycin was given at 150 mg/kg q24h by continuous intravenous infusion. Rifampin was given at 25 mg/kg by intramuscular injection q24h. Treatment was started 6 h postinoculation and continued for 4.5 days. Outcome was assessed by counting the residual viable bacteria in vegetations. The mean peak daptomycin levels in serum at 2 h after subcutaneous administration of 25 and 40 mg/kg were 64 and 91 g/ml, respectively. Daptomycin was undetectable in serum at 24 h. The total exposure was comparable to that achieved clinically in humans receiving the drug. Bacterial counts (mean log 10 number of CFU per gram ؎ the standard deviation) in untreated controls reached 10.6 ؎ 0.8. In treated rats, bacterial counts were as follows: vancomycin, 7.1 ؎ 2.5; daptomycin at 25 mg/kg, 5.5 ؎ 1.7; daptomycin at 40 mg/kg, 4.2 ؎ 1.5. The difference between daptomycin at 40 mg/kg and vancomycin at 150 mg/kg was statistically significant (P ‫؍‬ 0.004). In the study of combination therapy, vegetation bacterial counts were as follows: daptomycin at 40 mg/kg, 4.6 ؎ 1.6; rifampin, 3.6 ؎ 1.3; vancomycin plus rifampin, 3.3 ؎ 1.1; daptomycin plus rifampin, 2.9 ؎ 0.8. The difference between daptomycin and daptomycin plus rifampin was statistically significant (P ‫؍‬ 0.006). These results support the continued evaluation of daptomycin for serious MRSA infections, including infective endocarditis.
Daptomycin is a lipopeptide antibiotic derived from Streptomyces roseosporus with potent bactericidal activity in vitro against most clinically relevant gram-positive organisms, including methicillin-resistant Staphylococcus aureus (MRSA), coagulase-negative staphylococci, vancomycin-resistant enterococci, and penicillin-resistant Streptococcus pneumoniae (1, 2, 10, 11, 24, 28) . The mechanism of action, while not yet fully elucidated, appears to involve the disruption of bacterial plasma membrane function (3, 6, 13, 16) .
To date, daptomycin has been studied in complicated skin and soft-tissue infections (P. A. Matthews and M. F. DeBruin, Infect. Dis. Soc. Am., abstr. 112, 2001) and bacteremia due to gram-positive bacteria (29) . A previous study was performed with daptomycin in bacterial endocarditis (data on file: study B8B-MC-AVAG, Cubist Pharmaceuticals, Inc.) (29) . Given the lack of currently available antimicrobials with rapid bactericidal activity against MRSA, the continued evaluation of daptomycin in animal models of MRSA infection and in clinical MRSA infection in humans is warranted, particularly in infections such as infective endocarditis, where bactericidal therapy is crucial.
A previous animal study demonstrated that administration of daptomycin once daily (q24h) may reduce toxicity while maintaining good antibacterial activity (22) . Therefore, we examined the activity of daptomycin in comparison with that of vancomycin in a rat model of MRSA aortic valve endocarditis with once-daily dosing to simulate clinical therapy. In addition, because rifampin is used clinically with vancomycin for the treatment of serious MRSA infections, we also examined the efficacy of regimens combining daptomycin or vancomycin with rifampin.
Animal model. Aortic valve endocarditis was created in male Sprague-Dawley rats (Charles River Laboratories, Wilmington, Mass.) by transvalvular placement of a polyethylene catheter and injection through the catheter of a 0.5-ml suspension of MRSA strain 32 in sterile saline (10 6 to 10 7 CFU/ml) as described previously (25) , with modifications (30, 32) . Animals were randomized 6 h later into different treatment groups. In the first phase of the study, groups included rats given daptomycin at 25 mg/kg subcutaneously (s.c.) q24h, daptomycin at 40 mg/kg s.c. q24h, or vancomycin at 150 mg/kg q24h as a continuous i.v. infusion and untreated controls sacrificed at day 5. The second phase of the study included administration of daptomycin at 40 mg/kg s.c. q24h, daptomycin at 40 mg/kg s.c. q24h plus rifampin at 25 mg/kg i.m. q24h, vancomycin at 150 mg/kg q24h plus rifampin at 25 mg/kg i.m. q24h, or rifampin at 25 mg/kg i.m. q24h; untreated controls sacrificed on day 5; and controls sacrificed at the time of therapy initiation (6 h). For animals receiving daptomycin with rifampin, the antibiotics were administered at the same time at two different sites. Animals that died prior to the 5-day study period were excluded if they had received less than 2 days of therapy. All control animals were included regardless of time of death.
Aortic valve vegetations were harvested aseptically on day 5 or, when dead animals were discovered, as soon as possible after death. Vegetations were weighed, homogenized in saline, serially diluted, and plated onto blood agar plates and mannitol salt agar plates. Vegetation bacterial density was expressed as the log 10 number of CFU per gram of vegetation tissue. When vegetations were sterile, the value of the lowest limit of detection was assigned for analysis and statistical calculations.
Examination of surviving bacteria. Individual bacterial colonies obtained from aortic valve tissue homogenates were grown and resuspended in 1 ml of MuellerHinton broth to a density equivalent to a 1.0 McFarland standard. Twenty-five microliters of this suspension and of dilutions of 10 1 to 10 7 were plated on Mueller-Hinton II agar with various concentrations of vancomycin or daptomycin (0 to 4 g/ml). Mueller-Hinton agar was supplemented with CaCl 2 at 50 g/ml in daptomycin resistance studies. Colonies were counted at 48 h.
Pharmacokinetics. Daptomycin (25 or 40 mg/kg) or rifampin was administered as a single s.c. or i.m. dose, respectively, to healthy male 200-to 225-g SpragueDawley rats (three per treatment group). Blood samples were collected in heparinized tubes via jugular vein catheters over a time range of 2 min through 24 h. Plasma was collected by centrifugation, and samples were stored at Ϫ20°C until analysis.
Daptomycin was detected with an internal standard of ethylparaben and protein precipitation, followed by high-performance liquid chromatography (HPLC) by using methodology developed by Eli Lilly and modified slightly by Cubist Pharmaceuticals (validation report LC 309.4, version 1.00, HPLC analysis of daptomycin in rat plasma, 2001 [report on file, Cubist Pharmaceuticals]). The method has been validated for use in clinical trials. In brief, drug concentrations in serum were determined by reversed-phase HPLC with a Metachem Hypersil C 8 analytical column and a Waters Xterra RP18 guard column. Daptomycin and the internal standard, ethylparaben, were isolated from rat plasma by protein precipitation. The mobile phase was 32.6% acetonitrile, and 67.4% of it was a 0.5% ammonium phosphate solution. At a flow rate of 1.5 ml/min, daptomycin shows a retention time of 14 to 16 min. Samples were analyzed at 214 nm. Detection of daptomycin concentrations in rat plasma was linear across a range of 7.5 to 400 g/ml. Rifampin was detected by HPLC analysis as described previously (7).
Statistical analysis. The chi-square test was used to examine differences in discrete variables such as mortality. Differences in vegetation bacterial densities were evaluated by the Kruskal-Wallis test.
RESULTS

Pharmacokinetics.
The pharmacokinetic profiles of daptomycin and rifampin in our rat model are demonstrated in Table 1 . Mean peak levels in serum were 64 g/ml for the 25-mg/kg dose of daptomycin and 91 g/ml for the 40-mg/kg dose. The drug was eliminated with a half-life of 1.6 to 2.9 h in rats, and daptomycin was undetectable in serum at 24 h. Protein binding of daptomycin is comparable (90 to 94%) across various species, including rodents (19) and humans (17) ; therefore, a comparison of total daptomycin concentrations is appropriate. Peak levels obtained in rats were comparable to the target values obtained in humans during treatment with a daily dose of 4 or 6 mg/kg, while the areas under the concentrationtime curves of 278 and 605 g ϫ h/ml bracket the exposure obtained in humans at 4 mg/kg and are lower than the exposure of humans treated with the 6-mg/kg dose.
Control animals. Vegetation bacterial density was determined for two groups of untreated animals at 5 days and for one group of rats at the time of initiation of therapy (6 h). The mean bacterial densities (mean log 10 numbers of CFU per gram Ϯ the standard deviation [SD]) on harvested aortic valve vegetations in the two groups of untreated controls at 5 days were 10.6 Ϯ 0.8 (n ϭ 12) and 10.3 Ϯ 0.5 (n ϭ 5). At the time of initiation of therapy, the mean bacterial density was 6.4 Ϯ 1.8 (n ϭ 8).
Monotherapy. The first phase of this investigation compared daily daptomycin monotherapy at 25 or 40 mg/kg with vancomycin. Results are shown in Fig. 1 . Mean bacterial densities (mean log 10 numbers of CFU per gram Ϯ the SD) on harvested aortic valve vegetations were 7.1 Ϯ 2.5, 5.5 Ϯ 1.7, and 4.2 Ϯ 1.5 for animals treated with vancomycin, daptomycin at 25 mg/kg, and daptomycin at 40 mg/kg, respectively. Treatment with daptomycin resulted in a dose-dependent reduction in the number of viable bacteria, although the difference between the effects obtained with two doses of daptomycin was not statistically significant. The difference between daptomycin at 40 mg/kg and vancomycin at 150 mg/kg was statistically significant (P ϭ 0.004). There was no significant difference in mortality at 5 days between the treatment groups, but all treatment arms showed significantly increased survival (86%) compared to that of untreated controls (8.3%).
Combination therapy. For combination therapy, we used daptomycin at 40 mg/kg, the more effective dose in the earlier study. The results of the combination therapy study are shown in Fig. 2 . Mean bacterial densities (mean log 10 numbers of CFU per gram Ϯ the SD) on harvested aortic valve vegetations from animals treated with the different therapies were 4.6 Ϯ 1.6 (daptomycin at 40 mg/kg), 3.6 Ϯ 1.3 (rifampin at 25 mg/kg), 3.3 Ϯ 1.1 (vancomycin plus rifampin), and 2.9 Ϯ 0.8 (daptomycin at 40 mg/kg plus rifampin). The difference between daptomycin plus rifampin and daptomycin monotherapy was statistically significant (P ϭ 0.006) but not different from vancomycin plus rifampin or rifampin alone. No significant survival difference between the therapeutic arms was detected. Surviving bacteria. A subset of bacterial isolates obtained from aortic valve vegetations of treated rats was evaluated by population analysis to test for the development of resistance or heteroresistance to daptomycin or vancomycin. We used population analysis instead of routine susceptibility testing, given the recently characterized heterogeneous nature of daptomycin resistance in staphylococci (26) . Representative population analyses of bacterial colonies harvested from three rats treated with daptomycin at 25 mg/kg q24h, two rats treated with daptomycin at 40 mg/kg q24h, and one untreated rat are displayed in Fig. 3 . While isolates from daptomycin-treated animals demonstrated a consistent rightward shift of the population curve, the MIC increase was extrapolated to be less than twofold. With a 10 8 -CFU/ml inoculum, no isolate showed growth at daptomycin concentrations of Ն3 g/ml. Isolates treated with vancomycin did not demonstrate a shift in heteroresistance to vancomycin (data not shown). Of four isolates analyzed from four different rifampin-treated animals, one demonstrated intermediate resistance, with a fourfold increase in the MIC to 2 g/ml.
DISCUSSION
Over the past decade, the incidence of multidrug-resistant gram-positive organisms has been increasing at an alarming rate (5) . A recent analysis showed that more than one-third of the S. aureus bloodstream isolates in the United States are methicillin resistant and that many of these isolates are resistant to multiple antibiotics (9) . Even more troubling is a report that MRSA appears to be spreading into the community (9) . Because of the current lack of available antimicrobials with consistent bactericidal activity against methicillin-resistant staphylococci and vancomycin-resistant enterococci, therapeutic options for patients with endovascular infections due to these organisms pose major therapeutic challenges for clinicians. Daptomycin is a cyclic lipopeptide antibiotic with a spectrum of activity similar to that of glycopeptides, except that it is active against vancomycin-resistant enterococci (29) . Its on October 14, 2017 by guest http://aac.asm.org/ mechanism of action is incompletely defined but differs from that of glycopeptides, involving disruption of the cell membrane potential (3, 4, 6, 13, 16) . The bactericidal activity of daptomycin in vitro is dependent on the pH and physiologic concentrations of ionized calcium (16) . Furthermore, daptomycin is approximately 95% protein bound and its in vitro activity can be altered by the addition of serum or albumin (13, 17, 19, 23) . The complex interactions of daptomycin with the surrounding environment and the influence of these interactions on its activity make it essential to demonstrate a correlation between in vitro activity and in vivo activity. Therefore, our in vivo model provides strong support for the activity of daptomycin against infection with MRSA.
Various animal studies evaluating the in vivo activity of daptomycin have demonstrated it to be comparable to that of glycopeptides (14, 15, 20) . Some of these studies were performed in models in which the pharmacokinetic profile of daptomycin might not have been optimal for efficacy. Phase II clinical studies with daptomycin have demonstrated it to be comparable to conventional therapy for the treatment of grampositive bacteremia and endocarditis (F. P. Tally In this investigation, we applied daptomycin to a well-established in vivo infection model of rat aortic valve endocarditis. It was determined that s.c. administration of daptomycin to rats at 25 and 40 mg/kg q24h resulted in maximum drug concentrations in serum that approximate those observed in humans given 4 and 6 mg/kg q24h i.v. The rat dosages resulted in exposures that bracket the 4-mg/kg clinical dose. These doses appear to be well tolerated by humans (Matthews and DeBruin, Abstr. Infect. Dis. Soc. Am.).
We demonstrated that daptomycin monotherapy administered to rats at 40 mg/kg was superior to vancomycin monotherapy, as determined by a statistically significant decrease in the bacterial density of aortic valve vegetations after 5 days of therapy. Daptomycin at 25 mg/kg showed a trend toward higher activity than vancomycin in this model, but the differences did not reach statistical significance. Although animals treated with daptomycin at 25 mg/kg or vancomycin had lower vegetation bacterial densities than untreated control animals, final counts in these treated animals were generally similar to those expected at the time treatment is begun. However, daptomycin at 40 mg/kg led to an approximately 2-log reduction and both combination regimens resulted in at least a 3-log reduction in bacterial densities over the treatment period compared with bacterial densities at the start of therapy.
Given that the pharmacokinetic profile of daptomycin in this model resulted in trough levels that were nondetectable, potential development of resistance was a concern. Evaluation of bacteria harvested from aortic valve vegetations of treated animals showed a small rightward shift in the population analysis curves, but the extrapolated MICs of daptomycin were less than twofold greater than those for the strains isolated from untreated animals. These findings are consistent with previous reports that found that the frequency of spontaneous daptomycin resistance is S. aureus is very low (14, 18) .
This study provides evidence that the bactericidal activity of daptomycin is augmented by the addition of rifampin. Both daptomycin and vancomycin performed better in combination with rifampin. Bacterial endocarditis is a serious infection that could benefit from aggressive combination bactericidal therapy that maintains acceptable safety.
We chose rifampin for our combination therapy study primarily because it has been used concomitantly with ␤-lactams and glycopeptides to enhance the bactericidal activity of clinically applied antimicrobial regimens (12, 27) . Rifampin has the ability to attain high intracellular concentrations in endothelial cells (8) . It has been suggested that bacteria within endothelial cells may be important in the pathogenesis of bacterial endocarditis, particularly with the ability of bacteria to FIG. 3 . Population analysis of surviving colonies from daptomycin-treated animals. Individual colonies were isolated and analyzed as described in Materials and Methods. Shown in the graph are three representative clones isolated from three individual animals treated with daptomycin at 25 mg/kg (DAP-25), two colonies from two individual animals treated with daptomycin at 40 mg/kg (DAP-40), and one colony from an untreated animal (CONTROL). (9) . Also, the target of action of rifampin lies within the bacterium and therefore might possibly complement daptomycin, which targets the cell membrane. Furthermore, rifampin avoids the ototoxicity and nephrotoxicity concerns that accompany the use of aminoglycosides. Nevertheless, the in vivo activity of daptomycin-aminoglycoside combination therapy probably warrants further study, particularly for enterococci. In our infection model, rifampin monotherapy demonstrated unexpected efficacy. This may perhaps be explained by the fact that spontaneous resistance to rifampin in S. aureus occurs in approximately 1 in 10 7 organisms. Therefore, the inoculum size of infection at the time treatment was begun in the model was probably not sufficiently great to allow selection of resistance to rifampin.
In summary, we demonstrated with an in vivo experimental model of MRSA endocarditis that daptomycin administered at a dose corresponding to a human dose of 4 to 6 mg/kg q24h was comparable to or better than therapy with vancomycin and that the combination of rifampin with daptomycin was superior to daptomycin alone. No development of resistance to daptomycin was detected, and it was not possible to evaluate whether daptomycin would prevent the emergence of resistance to rifampin. The excellent bactericidal activity of daptomycin-rifampin combination therapy in vivo warrants further investigation of this regimen in humans with serious endovascular infections due to MRSA.
